Introduction
The Northeast China Transect, abbreviated as NECT (Koch et al., 1995; Li, 1995; Steffen, 1995; Zhang et al., 1997) , was identified as a midlatitude semi-arid terrestrial transect by the Global Change and Terrestrial Ecosystems (GCTE), a core project of the International Geosphere-Biosphere Programme (IGBP). The transect runs in parallel to 43330 N and ranges from 423 to 463 N and from 1063 to 1343 E ( Fig. 1(a) ). The major global change gradient is precipitation ranging from 600-1000 mm in the east, 300-600 mm in the middle, and 100-300 mm in the west. Due to the steep moisture gradient, vegetation along the transect varies gradually from temperate evergreen conifer-deciduous broad leaf mixed forests, deciduous broad leaf forests, woodlands, and shrublands in the east to typical steppes and desert steppes in the west, with agricultural fields, temperate savannas and meadow steppes in the middle . A secondary driving gradient is land use intensity from forest regions in the east, to agriculture in the middle, to pastoral areas in the west. The transect is an important base of forestry, agricultural and pastoral productions in China, producing wood, hay, grain crops (maize, soybean, wheat and rice) and cattle (leather, wool and milk).
Temporal and spatial climatic variability is one of the most notable features of the transect. Precipitation and temperature extremes, as well as substantial interannual fluctuations and innerannual changes, are characteristic of the temporal dynamics of the NECT. Their variability, especially precipitation, spanning from the humid zone in the east, to the semi-humid zone in the middle, to the semi-arid zone in the west, is a significant factor of the spatial dynamics of NECT. Understanding current climatic variability is a necessary step in understanding the current distribution and dynamics of ecosystems, as well as an important step in the process of predicting the potential effects of human-induced climatic change in the region.
Human activities are adding a new dimension to the climate of the earth (IPCC, 1996) and also to the NECT. The release of greenhouse gases (GHGs) into the atmosphere is threatening to have large effects on both the temperature and precipitation regime of the NECT, which may in turn influence human use of the ecosystems. The objective of this paper is to describe current levels of temporal and spatial variability in the NECT climate as a key initial step towards understanding the climatic and ecosystem consequences of potential climatic change. We first present the general characteristics of the NECT, including its historical changes, geographical and topographical conditions, general climate features, ecosystem patterns, and land use characteristics. We then study the interannual and innerannual variability of four climatic factors: temperature, precipitation, potential evapotranspiration and potential evapotranspiration ratio. At last, we discuss the potential effects of climatic change on the NECT.
Materials and methods
The analysis of climatic variability will focus on temporal and spatial fluctuations of mean annual temperature (MAT), mean monthly temperature (MMT), mean annual precipitation (MAP), mean monthly precipitation (MMP), mean annual potential evapotranspiration (MAPET) calculated following Monteith (1995) , mean monthly potential evapotranspiration (MMPET), mean annual potential evapotranspiration ratio (MAPER"MAP/MAPET), and mean monthly potential evapotranspiration ratio (MMPER). The reason for choosing these variables over other climatic characteristics is that they are very important factors in determining the structure and function of NECT ecosystems, as well as in determining the temporal and spatial patterns of human use. Furthermore, they are variables that are likely to be significantly changed by global warming. Temporal climatic variability will be concentrated on interannual and innerannual scales. Innerannual variability (seasonality) will be characterized using 30-year data sets from 1951 to 1980 (Chinese Central Meteorological Office, 1984 for 46 national standard weather stations and 10-year data from 1981 to 1990 (unpublished data) for 66 local weather stations, and interannual variability only using 10-year data sets (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) for 66 available local weather stations throughout the NECT. These 112 stations will be used to evaluate spatial climatic variability. The presentation of the temporal and spatial aspects of climatic variability will be interwoven because the importance of temporal variability must be understood in terms of its spatial context and vice versa for spatial variability (Lauenroth & Burke, 1995) . Monthly mean temperature, precipitation and cloudiness were interpolated using the smoothing spline method to fit locally optimal surfaces to the relationship of each monthly climate variable to latitude, longitude and elevation on 10 minute grid cells by the Potsdam Institute for Climate Impacts Research (Wolfgang Cramer, pers. comm.) .
Output for the simulations of present and doubled GHG climate scenarios from a coupled ocean-atmosphere general circulation model (GCM), including the effects of both CO 2 and sulphate aerosols, were obtained for the period of 2070-2099 (Mitchell et al., 1995) . The emissions scenario included an increase in atmospheric CO 2 concentration from 340 to 500 p.p.m.v. (IPCC, 1996) .
A map of natural vegetation of the NECT (Fig. 2(a) ) on a 10 minute grid was constructed from a digitized 'Vegetation Map of China' at 1:4,000,000 scale (Hou et al., 1982) . A map of potential vegetation division of the NECT (Fig. 2(b) ) was obtained from a digital 'Vegetation Division Map of China' (Editorial Committee for Vegetation of China, 1980).
Characteristics of the NECT

Historical change
Based on presentation by Zhao et al. (1992) , in the Mid-Holocene (ca. 6000 years before present) the transect was the home of few people and large populations of animal (tiger, deer etc. in forestry areas, wolf and Mongolia sheep etc. in grassland areas) and plant species (ginseng and pine wood etc. in forest areas, forage grass etc. in grassland areas). The dominant vegetation was temperate evergreen conifer and deciduous broad leaf mixed forests with more broad leaf trees in the east, deciduous broad leaf forests in the middle, and meadow steppes and typical steppes in the west. This shows that temperature and precipitation conditions at that time were more favourable than today for vegetation. Since increased human settlement in the last few hundred years, the forces of climate, economics and social pressure have profoundly changed the NECT area. Settlers began reducing herds of wild animals and replacing them with domestic livestock, especially in the regions of the Inner Mongolian Plateau and the Songnen Plain in western and central NECT. Much grassland was changed to agricultural fields, and forests were cut down. In the first half of the 20th century, man-induced factors such as wars seriously impeded agricultural and pastoral production. At present, there is conflict between land use and environmental protection. Large areas of grassland and forest were reclaimed as agricultural fields, and much of the natural environment was destroyed. There is an urgent need to restore and protect the natural environment on the NECT.
Geography and topography
The NECT is situated along 43330 N between 1063 and 1343 E, and is approximately 1600 km in length. It spans from 423 to 463 N with a width of ca. 300 km ( Fig. 1(a) ). It occupies approximately half the area of the north-eastern part of China, is one of the important food and forestry bases, and includes four political regions: Jilin Province, Liaoning Province, Heilongjiang Province, and Inner Mongolia Autonomous Region. From west to east, the transect runs through Erenhot in the Inner Mongolia Autonomous Region located at the border between China and Mongolia, the main part of the Inner Mongolian Plateau, the southern watersheds of the Daxingan Mountains, the valley of the Xiliao River, the heartland of the fertile Songnen Plain, Changchun City, the agricultural area of the Yanbian Korean Autonomous Prefecture in Jilin Province, the mountainous forest zone located on the northern slopes of the Changbai Mountains, the Zhangguangcai Mountains, the coastal mountains and the estuary of the Tumen River along the Sino-Russian, and the Sino-Korean border at the eastern end of the transect ( Fig. 1(a) ).
The NECT is roughly divided into three topographical regions ( Fig. 1(b) ). Firstly in the west, the Inner Mongolian Plateau lies next to the southern section of the Daxingan Mountains. The former has an average elevation of 1000-1300 m a.s.l., mostly consisting of low-elevated hills below 300 m in elevation. The latter is a cluster of middle-or low-elevated mountains with the highest peak below 1700 m. Secondly, in the middle, the Songnen Plain and the Xiliao River Valley sprawls into the heartland of the transect, with an elevation of between 50 and 400 m. Thirdly, in the eastern coastland of the NECT, the northern slopes of the Changbai Mountains meet the hilly lands in the front of the Zhangguangcai Mountains, and includes many cramped river valleys. Generally, elevations are between 500 and 1200 m. The NECT as a whole is a relatively flat surface spanning from the western plateau, to the central plain, to the eastern mountains ( Fig. 1(b) ).
Climate features
The distinctive features of the NECT climate are the result of two attributes: its location in the mid-latitude temperate area of East Asia, and its location between maritime humid and continental arid climates. The first feature means that it is a transient area between the southern monsoon climate and the northern continental high-pressure centre. The second feature means that it is influenced mainly by maritime climates in the east, by maritime and continental climates in the middle, and controlled completely by continental climates in the west.
Generally, the climate of the NECT is influenced by five air masses, each with different temperature, moisture, and temporal-dynamic characteristics. Winters are dry and cool and dominated by strong north-west cold air, a high pressure air-mass that originates in Siberia and Mongolia called the Siberia-Mongolian High, and a cold air-mass called the Polar Cold air-mass. The strong westerly flow of winter begins to weaken in the spring when two warm monsoon air-masses with origins over the Indian Ocean (south-west monsoon) and the Pacific Ocean (south-east monsoon) begin to influence the region. Summer is the wet season across the NECT. Peak precipitation occurs in June, July and August throughout most of the region.
Ecosystems
The NECT may be divided into three sections of vegetation patterns and edaphic types from west to east (Editorial Committee for Vegetation of China, 1980; Zhang et al., 1997) , i.e. the western subzone of temperate steppes including pedological belts featuring chernozem, chestnut, and brown soils; the middle subzone of lowland meadow, mostly cultivated into farmlands covered with dark meadow topsoil; and the eastern temperate subzone of mixed forests with conifers and deciduous broad leaf trees taking root on dark brown soils ( Fig. 2(a, b) ).
The NECT comprises three grassland types: desert steppe, typical steppe and meadow steppe from west to east along the western and central NECT (Fig. 2(a, b) ). The distribution of grassland types is almost completely determined by the climatic gradients, especially precipitation. The desert steppe (short grassland) occupies the driest and western-most portion of the NECT and is dominated by C 4 and C 3 grasses. The most common C 4 species are Cleistogenes squarrosa and C. songorica, and the most common C 3 species are Stipa gobica and S. klemenzii. The steppe region is dominated by brown soils. In addition to occupying the driest portion of the region, the desert steppe is the least productive part of the region (net primary production, NPP"2-4 t ha\ a
!1
). By contrast, the meadow steppe (tall grassland) occupies the wettest part of the grassland region in the central NECT and is the most productive grassland type (NPP"3)5-4)5). The dominant species, S. baicalensis, Filifolium sibiricum, Leymus chinense, are all C 3 grasses. Soils of the region are chernozem soils. The typical steppe occupies the area between the western short grassland and the middle tall grassland. Chestnut soils are dominant in the region. The boundaries between typical steppe and desert steppe, and between typical steppe and meadow steppe occur at approximately the 200 and 400 mm year !1 rainfall isotope, respectively. Productivity is higher throughout the steppe (NPP"3-5). This is a mixed steppe because the dominant species are a mixture of short and mid-height grasses and also a mixture of C 3 and C 4 species. The dominant species are the C 3 grasses S. grandis, S. krylovii, Leymus chinense and Agropyron cristatum in the meadow steppe, as well as the C 4 grass C. squarrosa in the desert steppe.
Temperate deciduous broad leaf forest with some woodland, shrubland, meadow and farmland occupies a small area at the periphery of the southern Songnen Plain and the Xiliao River Valley in the central NECT (Fig. 2(a, b) ), where there is a semi-humid climate condition with diverse soil types of dark-brown, black and brown earth. This is a transitional belt from the typical steppe at the south-west tip of the plain to the surrounding timberland of broad leaf trees. The edificators are Quercus mongolica with understory grasses, S. baicalensis, F. sibiricum and L. chinense.
The zoned vegetation of mixed evergreen conifer and deciduous broad leaf forests occupy the wettest and eastern-most portion of the NECT (Fig. 2(a, b) ), where dark-brown forest soil with montane dark-brown soil is the main component. The dominant species are both evergreen coniferous and deciduous broad leaf trees, such as Pinus koraiensis, Picea jeroensis and Abies holophylla blended with Tilia amurensis, Betula costata, Acer mono, Fraxinus mandshurica, and other arboreal trees.
The savannas, woodlands and shrublands ( Fig. 2(a) ) dominated by Quercus, Betula, Ulmus, Stipa, Filifolium and Leymus are distributed between the western grasslands and the eastern forests, and between mountains and plains. They are covered by dark meadow and chernozem soils.
Land use
The current pattern of land use varies in different regions of the NECT, including pastoral, agricultural and forestry areas from west to east. With the Daxingan mountains acting as the demarcation line, the western part is the Inner Mongolia Plateau with animal husbandry as its main product. The central part is a mixed area where farming and forest farms co-exist. The east part is woodland, at the fringe of which agriculture and forestry are exercised together in the low-elevated hilly areas .
The Inner Mongolian Plateau is the major pastoral region with an area of ca. 280,000 km 2 , which is more than one third of that NECT area. Livestock-grazing grasslands account for the great majority of the land surface. In the central plains, the grasslands, savannas and forests have been largely converted to cropland, and partly to grazing land, with a total area of ca. 300,000 km 2 . Among the cereals, maize is the dominant crop in the plain, forming a 'maize belt' in China. The mountain and hill areas (ca. 130,000 km 2 ) of the east NECT have the highest proportion of forestry products the correspond with the highest precipitation area. This is an important forestry base in Northeast China. The proportion of agricultural area is less than 10% of this region, however, paddy fields occupy 85% of the whole NECT area.
Results and discussion
Temperature and rainfall
The NECT locates in a narrow similar latitudinal zone making total thermal reservoirs across the region similar. There is, however, a vertical change in elevation so that a negative correlation exists between the indices of thermal capacity and topographical profiles. For example, the alluvial heartland of the Songnen Plain has the highest thermal index, but a decrease is shown in its two flankers, on the plateau and on the mountainous area. The gradient of moisture or precipitation presents a tilting curve significantly high in the east and low in the west, becoming a major driving factor for global change. The general features of the regional climate are a north-to-south weak temperature gradient, a west-to-east strong precipitation gradient, and a very high atmospheric demand for water ( Fig. 3(a, c) ).
Mean annual temperatures (MAT) are less than 13C at the northern and northwestern extension of the NECT from west to east, greater than 43C in the central south, and between 1 and 33C in the west. Thirty per cent area of the region has an MAT less than or equal to 03C, 70% has an MAT less than or equal to 33C, and approximately 30% has an MAT greater than 33C (Fig. 3(a) ). Mean temperatures in the coldest month (January, MMT1) and the warmest month ( July, MMT7) have similar regional regimes to MAT. Higher temperatures occur in the central regions, particularly in the southern central region where the highest temperatures occur. Lower temperatures occur in the west and east, especially in the north-western and north-eastern portions where the lowest temperatures occur (Fig. 3(a) ). Mean annual precipitation (MAP) is 100-300 mm in the western semi-arid, 300-600 mm in the middle semi-humid, and up to 1000 mm in the eastern humid portions (Fig. 3(c) ). Approximately 20% of the west portion has an MAP less than or equal to 300 mm, 70% of the region has an MAP less than or equal to 600 mm, and 30% has an MAP greater than or equal to 600 mm (Fig. 3(c) ).
Atmospheric demand for water (MAPET) is high in the NECT and spatial patterns of MAPET follow the temperature gradient, with southern sites having the greatest demand and northern sites the lowest (Fig. 4(a) ). The majority of the NECT has MAPET greater than 540 mm and 50% has values greater than 600 mm. About 60% of the area has MAP between 100 mm and 500 mm, whereas a similar proportion of the region has MAPET equal to or greater than 500 mm (Fig. 4(a) ). The ratio of MAP/MAPET ("MAPER) provides an indication of the adequacy of the water supply to meet the atmospheric demand. Most sites in the NECT have a MAPER value of considerably less than 1 (Fig. 4(c) ). Twenty per cent of the region has MAPER less than 0)6, 80% has values less than or equal to 1, and 20% has values greater than 1 (Fig. 4(c) ). The gradients in MAT, MAP and MAPET are important in the structure and dynamics of ecosystems across the region, influencing species composition, NPP, soil organic matter, and land use .
The connection between temporal and spatial climatic variability is a key factor in characterizing and understanding regional climates. An important connection is illustrated by the relationship between MAP and MAT and their interannual and innerannual variation, as represented by either the standard deviation (S.D.) or the coefficient of variation (CV). The S.D. is an index of absolute variability and the CV is an index of relative variability (Lauenroth & Burke, 1995) .
Interannual climatic variability
The relationship between MAP and it's S.D. is positive, with S.D. decreasing as MAP decreases (Fig. 5(a) ). The general feature of the relationship between MAP and its CV is that variability decreases very slightly as precipitation increases (Fig. 5(b) ). This means that the driest sites have the highest relative interannual variability and the wettest sites have the lowest variability. Relative variability in MAP is highest in the west and lowest in the east. This makes water relatively more important as a control on ecosystem structure and function in the west than it is in the east.
In contrast to precipitation, the S.D. of MAT has a negative relationship to MAT, with S.D. decreasing as MAT increases (Fig. 5(c) ). Cold sites have a higher absolute variability and hot sites have a lower absolute variability. The CV of MAT has a negative and non-linear relationship to temperature (Fig. 5(d) ). Sites in the north-west and in the north-east with low MAT have high relative variability, whereas the central and southern sites with high MAT have low relative variability. This is partly related to the low winter temperatures.
Although absolute variability of water input variables (MAP) is high and positively related to amounts, variability in the atmospheric demand for water, as indexed by MAPET, is low and invariant across the range of amounts (Fig. 5(e) ). The S.D. of MAPET ranges from 10 to 80 mm, whereas MAPET ranges from approximately 550 to 700 mm year !1
. The CV of MAPET is negatively related to the amount (Fig. 5(f ) ), indicating that sites with very large atmospheric demands experience less relative Figure 6 . Relationship between (a) the standard deviation and the monthly mean annual temperature; (b) the coefficient of variation and the monthly mean annual temperature; (c) the standard deviation and the monthly mean annual precipitation; (d) the coefficient of variation and the monthly mean annual precipitation; (e) the standard deviation and the monthly mean annual potential evapotranspiration; (f ) the coefficient of variation and the monthly mean annual potential evapotranspiration; (g) the standard deviation and the monthly mean annual potential evapotranspiration ratio; and (h) the coefficient of variation and the monthly mean annual potential evapotranspiration ratio, derived from 112 weather stations on the NECT.
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interannual variability in MAPET than do sites with low mean MAPET. The CV of MAPET is small throughout the region, ranging from 0)02-0)1 in the west to 0)02-0)18 in the east. MAPER is an index of aridity. The spatial pattern of MAPER is similar to, but clearer than that of MAPET. The S.D. in aridity has a positive and significant relationship to MAPER (Fig. 5(g) ), whereas the CV has a negative and slight relationship to MAPER (Fig. 5(h) ). The S.D. of MAPER ranges from 0)03 to 0)4, whereas MAPER ranges from 0)2 to 1)2. The CV of MAPER indicates the same spatial pattern of atmospheric demands for water, i.e. that arid sites have a relative higher variability in MAPER than wet sites.
Innerannual climatic variability
The relationship between MMT and S.D. is negative, with S.D. decreasing as MMT increases, but the S.D. of MAT doesn't have a very clear linear regression to the mean ( Fig. 6(a) ). The relationship between MMT and CV is also negative with a non-linear relationship to temperatures (Fig. 6(b) ). This means that the warmest sites have the lowest relative innerannual variability in temperature and the coldest sites have the highest variability.
However, the general feature of the relationship between MMP and S.D. is positive with a very strong regression (Fig. 6(c) ). The relationship between MMP and CV is slightly negative with CV decreasing as MMP increases (Fig. 6(d) ). This means that the driest sites have the highest seasonality in precipitation and the wettest sites have the lowest variability.
The S.D. of MMPET ranges from 20 to 45 mm and has a significant positive relationship to MAPET (Fig. 6(e) ). The CV of MMPET, however, is slightly negatively related to the MAPET (Fig. 6(f ) ), indicating that sites with large atmospheric water demands experience less relative innerannual variability than sites with low MAPET. The CV of MMPET is very small throughout the region, ranging from 0)05 to 0)07.
The spatial pattern of MMPER variability is similar to MMPET. The S.D. has a strong positive and significant relationship to MAPER (Fig. 6(g) ), whereas the CV has a negative relationship to MMPER (Fig. 6(h) ). Mostly the S.D. of MMPER ranges from 0)1 to 0)6, whereas MAPER ranges from 0)2 to 1)5. The CV of MMPER indicates that arid sites have relatively higher atmospheric demands for water than wet sites.
Potential effects of climatic change
Predictions of doubled CO 2 and sulphate aerosol scenarios using the Hadley Climate Center GCM (Mitchell et al., 1995) suggest that the NECT will experience an increase both in temperature and precipitation at the end of the 21st century (Fig. 3(b, d) ). The increase in temperature will occur throughout the year ranging from 3)18 to 3)603C (Fig. 3(b) ), but the largest increase will be in winter ranging from 2)6 to 5)03C. Precipitation is predicted to increase slightly in winter and decrease in summer with a small increase throughout the year (Fig. 3(d) ). MAP will increase ranging from 30 to 100 mm (Fig. 3(d) ). Under this scenario, increases in MAT will be accompanied by increases in MAPET (Fig. 4(b) ) because the relationship between MAPET and MAT is strongly positive. The increase of MAT ranging from 3)18 to 3)63C corresponds to an increase of MAPET ranging from 40 to 60 mm (Fig. 4(b) ). A larger increase in MAPET with a lower increase in MAP will enhance the MAPER (Fig. 4(d) ), reflecting an increase in water deficits.
Precipitation is the major driving force for climatic change and also for ecosystem change. The temperatures on the NECT determine that the transect should occur in the temperate region. The historical records showed a weak gradient of MAT from north to south and a very sharp gradient of MAP from east to west along the NECT (Fig. 3(a, c) ). Concerning global warming, MAT and MAP will differentially increase ( Fig. 3(b, d) ), but the geographic patterns of MAT and MAP at that time are similar to and related to today's patterns (Fig. 3) .
The response of the NECT ecosystems to increased MAT, MAP and MAPER is likely to be a geographic shift to the west and an increase in NPP ( Ni, in press ). The changes in ecosystem structure and function are closely related to the precipitation pattern.
Conclusions
Spatially, climatic patterns along the NECT can be defined by three important features: a predominantly west}east gradient in MAP from 100-300 mm in the west, to 300-600 mm in the middle, to 600-1000 mm in the east; a north}south gradient in MAT from less than 33C in the north-west and north-east to 3-73C in the south; and a north}south gradient of MAPET that ranges from 500-600 mm in the north to 600-700 mm in the south.
Temporally, the interannual and innerannual climatic variabilities on the NECT are very high, with the highest variability in the driest and coldest portions of the region.
Human-induced climate change will almost certainly result in increases of MAT, MAP and MAPER. Under such conditions, the geographic distribution of current ecosystems will likely shift westward to maintain an adequate water balance. Precipitation is a major control over the structure and function of ecosystems along the NECT. Climatic change will have a considerably large influence on the region.
